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(57) ABSTRACT

A method for operating an inductive conductivity measuring
device that has a transmitting coil with an input and a
receiving coil, the transmitting coil and the receiving coil
being mductively coupled to one another by an electrically
conductive medium. An electrical preset alternating signal 1s
generated and fed to the input of the transmitting coil. The
method for operating an 1inductive conductivity measuring
device 1s improved 1n that a frequency of a preset alternating
signal 1s varied 1n a frequency interval, in the frequency
interval, a frequency-dependent minimum input impedance
at the mput of the transmitting coil 1s determined using a
response alternating signal, a minimum frequency of the
response alternating signal 1s determined at the minimum
input impedance at the mput of the transmitting coil, and a
conductivity of the medium 1s determined using the mini-

mum frequency of the response alternating signal.

8/1986 Thadani ................... GO1V 3/28
324/339

4,604,581 A *

5,003,267 A 3/1991 Coleman 5> Claims, 3 Drawing Sheets

17
Vary Frequency

|

18

Determine input Impedance

|

19

Determine Minimum Frequency

l

20

Determine Conductivity




U.S. Patent Nov. 26, 2019 Sheet 1 of 3 US 10,488,451 B2

{ Control Unit

~ N T K Y T

|I ,\’
I 2 ’\8'
L N o a2
N N N "N ~_

N ~ . ~__ ~_

3

Fig. 1



U.S. Patent Nov. 26, 2019 Sheet 2 of 3 US 10,488,451 B2

ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ

ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ

16




U.S. Patent Nov. 26, 2019 Sheet 3 of 3 US 10,488,451 B2

17

Vary Frequency

18

Determine input Impedance

|

19

W

Determine Minimum Frequenc

|

20

Determine Conductivity

Fig. 3



US 10,488,451 B2

1

METHOD FOR OPERATING AN INDUCTIVE
CONDUCTIVITY MEASURING DEVICE AND

RESPECTIVE INDUCTIVE CONDUCTIVITY
MEASURING DEVICE

BACKGROUND OF THE INVENTION

Field of the Invention

The 1nvention relates, on the one hand, to a method for
operating an inductive conductivity measuring device. The
conductivity measuring device has a transmitting coil and a
receiving coil for carrying out the method and the transmit-
ting coil, 1 turn, has an iput. The transmitting coil and the
receiving coil are inductively coupled to one another by an
clectrically conductive medium. In the method, an electrical
preset alternating signal i1s generated and supplied to the
input of the transmitting coil.

The invention relates, on the other hand, to an inductive
conductivity measuring device. The conductivity measuring
device likewise has a transmitting coil, a receiving coil, and
a control unit for, among other things, controlling the
transmitting coil and the receiving coil. In turn, the trans-
mitting coil has an electrical mput. The control unit 1s
thereby designed to generate an electrical preset alternating
signal and to supply the preset alternating signal to the input
of the transmitting coil. During operation of the inductive
conductivity measuring device, the transmitting coil and the
receiving coil are inductively coupled to one another by an
clectrically conductive medium.

Description of Related Art

Inductive conductivity measuring devices can also be
used 1n aggressive and corrosive media such as industrial
waste water, seawater and acidic solutions. This 1s possible
because, 1n contrast to the electrodes of a conductive con-
ductivity measuring device, both the transmitting coil and
the receiving coil do not have to be 1n direct contact with a
medium, but may be surrounded by a housing that 1s
resistant to aggressive and corrosive media without the
functionality being impaired. Since there 1s no direct contact
with aggressive and corrosive media 1n the presence of a
housing, inductive conductivity sensors are characterized by
a long service life and by a substantial maintenance freedom
compared to conductive conductivity measuring devices.
The housings also make them suitable for hygienic appli-
cations 1n processes 1n the branches of food, beverage and
pharmaceuticals.

An electrical mput of an electrical coil, such as the
transmitting coil or the recerving coil, usually has two
clectrical terminals, via which an electrical signal, such as
the electrical preset alternating signal, 1s fed to the coil. The
inductive coupling of the transmitting coil and the receiving
coi1l with one another via the electrically conductive medium
1s eflected in that the preset alternating signal fed to the
transmitting coil generates eddy currents in the medium and
the eddy currents induce a receive alternating signal, for
example 1n the form of a voltage, in the receiving coil. Thus,
a preset alternating signal causes a receive alternating signal.

It 1s known from the prior art to determine an electrical
conductivity of a medium from the ratio of an amplitude of
a receive alternating signal and an amplitude of a preset
alternating signal. Analog electronic circuits, such as e.g.,
analog lock-in amplifiers, are used to determine an ampli-
tude of an alternating signal. However, a problem 1in the
determination of amplitudes using analog electronic circuits
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1s that the accuracy of the determination of an amplitude,
and thus, also the accuracy of the determination of a
conductivity of a medium depends on the accuracy of the
clectronic circuit. The accuracy of an analog electronic
circuit 1s 1mpaired by drifts and tolerances of the compo-
nents of the electronic circuit.

SUMMARY OF THE

INVENTION

Thus, the object of the mvention 1s to provide a method
for operating an 1nductive conductivity measuring device
and to provide an inductive conductivity measuring device,
in which the accuracy of a determination of a conductivity
of a medium 1s 1improved compared to the prior art.

According to a first teaching, the mvention relates to a
method for operating an inductive conductivity measuring
device, 1n which the above object 1s achieved. The method
according to the invention 1s 1mitially characterized essen-
tially by the following method steps:

In a first method step, a frequency of the preset alternating,
signal 1s varied 1n a frequency interval. The variation of the
frequency, thus, 1s eflected within the frequency interval.

In a second method step, a frequency-dependent mini-
mum input impedance at the input of the transmitting coil 1s
determined, i this frequency interval, using a response
alternating signal. In this case, the response alternating
signal 1s caused by the preset alternating signal by means of
the transmitting coil. When, e.g., the preset alternating signal
causes a voltage across the input of the transmitting coil and
the voltage, thus, represents a transmit alternating signal,
then the response alternating signal 1s a current caused by the
voltage through the transmitting coil and vice versa. The
input 1mpedance 1s the quotient of the voltage and the
current. This method step 1s based on the recognition that the
input 1impedance at the input of the transmitting coil 1s a
frequency-dependent variable having a real part and an
imaginary part. The real part 1s also referred to as the
resistance and the imaginary part as the reactance. The
magnitude and phase of the input impedance are determined
from the resistance and the reactance and are dependent on
the frequency of the preset alternating signal, wherein the
frequency of the preset alternating signal and the frequency
of the response alternating signal are i1dentical. The mini-
mum input impedance 1s thereby usually the mput 1imped-
ance with the smallest magnitude of input impedance within
the frequency 1nterval. In most cases, the first and the second
method step are carried out together.

In a third method step, a minimum Irequency of the
response alternating signal 1s determined at the minimum
input 1impedance at the mput of the transmitting coil. The
minimum frequency is, thereby, precisely the frequency of
the response alternating signal and thus also of the preset
alternating signal, 1n which the mnput impedance 1s minimal.

In a fourth method step, a conductivity of the medium 1s
determined using the mimimum frequency of the response
alternating signal. This method step 1s based on the recog-
nition that the mimimum frequency 1s a function of the
conductivity of the medium. The function 1s determined, for
example, by carrying out the method with different media,
wherein each of the different media has a different known
conductivity. It has been found that the sensitivity, 1.e., a
change in the minimum frequency with respect to a change
in the conductivity, decreases outside a conductivity mea-
suring range that has a dynamic range of conductivity of
about 100. In this manner, the minimum frequency changes
e.g., 1n a conductivity range of 20 mS/cm to 2 S/cm (2 S/cm
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divided by 20 mS/cm equals 100) by a factor of 2. The
sensitivity decreases outside of this conductivity range.

The method according to the mvention has the advantage
over the method known from the prior art that the determi-
nation of the conductivity of the medium 1s more accurate.
The higher accuracy i1s a result of a frequency of an
alternating signal being determined instead of amplitudes of
variables. It has been shown that with the same technical
eflort and, thus, the same costs, the determination of a
frequency can be implemented more accurately than the
determination of an amplitude.

In one implementation of the method according to the
invention for operating an inductive conductivity measuring
device, in which the transmitting coil, the receiving coil and
the medium form an electrical resonant circuit having a
resonant frequency, 1t 1s provided that in determining the
mimmum input impedance and the minimum frequency, the
resonant frequency of the resonant circuit 1s determined.
This implementation 1s based on the recognition that the
transmitting coil, the recerving coil and the medium together
form a resonant circuit with a resonant frequency. In this
case, the transmitting coil, the recerving coil and the medium
have the necessary inductive and capacitive components for
a resonant circuit. Furthermore, 1t has been recognized that
there 1s a correlation between the inductive components that
determine the resonant frequency and the conductivity of the
medium.

Thus, the conductivity can be determined from the reso-
nant frequency and also from the input impedance. While
the inductive components of the transmitting coil and the
receiving coil are essentially desired characteristics, the
capacitive components are essentially undesirable charac-
teristics of the transmitting coil and the receiving coil. It 1s
known from the prior art to minmimize capacitive properties,
1.€., parasitic capacitances, of coils, which 1s contrary to the
method according to the invention. In addition to parasitic
capacitances €.g., capacitors are also provided for the imple-
mentation of the resonant circuit and/or for setting the
resonant frequency of the resonant circuit. The resonant
frequency 1s the frequency of the resonant circuit at which
the reactance of the mnput impedance 1s zero and, thus, the
input impedance has only a resistance. Consequently, the
magnitude of the mput impedance at the resonance fre-
quency 1s also minimum, which 1s why the resonance
frequency corresponds to the minimum frequency.

In a further implementation of the method for operating
an inductive conductivity measuring device, which has a
measuring resistor at the input of the transmitting coil, 1t 1s
provided that a measuring voltage 1s measured across the
measuring resistor as the response alternating signal. Alter-
natively, a measuring current through the measuring resistor
can be determined as the response alternating signal. The
measuring current 1s €.g., determined from the measuring
voltage and a resistance value of the measuring resistor. The
measuring resistor 1s pretferably electrically connected in
series with the input of the transmitting coil. This means that
if there are no other components, the same current will flow
through the transmitting coil and the measuring resistor. In
combination with the above implementation, the resonant
frequency of the resonant circuit 1s determined by determin-
ing a maximum amplitude of the measuring voltage across
the measuring resistor i the frequency interval. At the
maximum amplitude of the measuring voltage, the reso-
nance frequency is present, which corresponds to the mini-
mum Irequency. To determine the amplitude of the measur-
ing voltage, for example, an analog lock-1n amplifier 1s used.
When using an analog lock-in amplifier, absolute errors 1n
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4

the determination of the amplitude of the measuring voltage
are 1nsignificant since the maximum amplitude of the mea-
suring voltage 1s determined 1n relation to the course of the
amplitude of the measuring voltage over the frequency
interval.

According to a second teaching, the invention relates to an
inductive conductivity measuring device, in which the stated
object 1s achieved. The inductive conductivity measuring
device according to the invention 1s mitially characterized
essentially 1n that the control umit 1s designed, during opera-
tion of the inductive conductivity measuring device, to vary
a frequency of the preset alternating signal 1n a frequency
interval, to determine, 1n the frequency interval, a frequency-
dependent minimum input impedance at the input of the
transmitting coil using a response alternating signal, to
determine a minimum frequency of the response alternating
signal at the minimum input impedance at the input of the
transmitting coil, and to determine a conductivity of the
medium using the minimum frequency of the response
alternating signal.

One design of the inductive conductivity measuring
device provides that the control unit 1s designed for carrying
out one of the described methods.

In one design of the inductive conductivity measuring,
device, 1t 1s provided that the receiving coil has an electrical
input and the 1input 1s terminated with a terminating resistor.
This means that the receiving coil and the terminating
resistor are electrically connected 1n parallel. This design 1s
based on the finding that the conductivity measuring range
of the inductive conductivity measuring device, which has a
high sensitivity, can be shifted by selecting a resistance
value R , of the terminating resistor. The following formula
can be used to calculate the resistance value of the termi-
nating resistor:

Us  Ng 1

Us ~ Ng

X 1
1 +NERW(— +

|
R4 ﬁULE]

In this formula, U, 1s a receive alternating signal 1n the
form of a voltage across the mput of the recerving coil, U.
1s a transmit alternating signal in the form of a voltage across
the mput of the transmitting coil, N, 1s a number of turns of
the receiving coil, N 1s a number of turns of the transmitting
coil, R ;- 15 a resistance value of the medium from which the
conductivity of the medium 1s determined using the geom-
etry of the medium, L 1s an inductance of the receiving coil,
m 1s an angular frequency of the preset alternating signal and
1 an 1maginary unit.

The explanations relating to the method according to the
invention apply correspondingly to the inductive conductiv-
ity measuring device and vice versa.

In detail, a plurality of possibilities exists for designing
and further developing the method according to the mmven-
tion for operating an inductive conductivity measuring
device and for the inductive conductivity measuring device
as will be apparent from the following description of a
preferred embodiment 1n conjunction with the accompany-
ing drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 schematically depicts an embodiment of an induc-
tive conductivity measuring device,
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FIG. 2 1s a representation of a part of the electrical circuit
of the inductive conductivity measuring device of FIG. 1 and

FIG. 3 1s a tflow chart of an embodiment of a method for

operating the inductive conductivity measuring device of
FIG. 1.

DETAILED DESCRIPTION OF TH.
INVENTION

(1]

FI1G. 1 shows the inductive conductivity measuring device
1. The inductive conductivity measuring device 1 has the
hollow-cylindrical carrier 2, on which the transmitting coil
3 and the receiving coil 4 are arranged. The transmitting coil
3 and the receiving coil 4 are arranged on the hollow
cylindrical carrier 2 by being wound around the hollow
cylindrical carrier 2, wherein the transmitting coil 3 has the
number N of turns and the receiving coil 4 has the number
N, of turns. Furthermore, the transmaitting coil 3 has the
input S and the receiving coil 4 has the mnput 6. The inductive
conductivity measuring device 1 also has the control umt 7.
The control unit 7 1s designed to control the transmitting coil
3 and the receiving coil 4, which 1s why the control unit 7
1s also electrically connected to the mput 3 of the transmiut-
ting coil 3, on the one hand, and to the input 6 of the
receiving coil 4, on the other hand.

The hollow cylindrical carrier 2 having the transmitting,
coil 3 and the receiving coil 4 1s immersed 1n the medium 8
and the inductive conductivity measuring device 1 1s 1n
operation. The medium 8 surrounds the hollow cylindrical
carrier 2 and 1s also present in the inner space of the hollow
cylindrical carrier 2. The medium 8 is electrically conduc-
tive and thereby couples the transmitting coil 3 and the
receiving coil 4 inductively with one another. Since this 1s an
abstracted schematic representation of the inductive conduc-
tivity measuring device 1, a housing that 1s usually present,
which prevents direct contact of the transmitting coil 3 and
the recerving coil 4 with the medium 8, 1s not shown here.
By avoiding contact of the transmitting coil 3 and the
receiving coil 4 with the medium 8, 1t 1s possible to use the
inductive conductivity measuring device 1, in contrast to
conductive conductivity measuring devices, 1n aggressive
and corrosive media such as industrial waste water, seawater
and acidic solutions without the functionality of the induc-
tive conductivity measuring device 1 being limited. The
housing also makes it suitable for hygienic applications in
processes 1n the branches of food, beverage and pharma-
ceuticals.

FIG. 2 shows a representation of a part of the electrical
circuit of the inductive conductivity measuring device 1. The
control unit 7 1s designed to generate the electrical preset
alternating signal U,. and to supply the preset alternating
signal U, to the mput 5 of the transmitting coil 3, wherein
the transmit alternating signal U . 1s then applied at the input
5 of the transmitting coil 3. For this, the control unit 7 has
the alternating signal source 9 and the first amplifier 10. The
alternating signal source 9 generates a preset alternating
signal U,=1.5V+1.4V sin(cot), which 1s comprised of the
constant voltage of 1.5V and the sinusoidal voltage of 1.4V
modulated with the angular frequency co. The first amplifier
10 has a gain of 1 and thus serves as a buller amplifier. The
measuring resistor 11 1s arranged between the amplifier 10
and the input 5 of the transmitting coil 3. The capacitor 12
1s electrically connected 1n parallel to the transmitting coil 3.
To set an operating point, the control unit 7 also has the DC
signal source 13 and the amplifier 14. The DC signal source
13 generates a constant DC voltage of 1.5V and the second
amplifier 14 has a gain of 1 and thus also serves as a buller
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6

amplifier. The first amplifier 10 and the second amplifier 14
are fed with a DC voltage of 3V by the supply source 15. The
terminating resistor 16 with the resistance R , 1s electrically
connected 1n parallel with the receiving coil 4. The electrical
resistance of the medium 8 between the transmitting coil 3
and the receiving coil 4 1s R;;. The conductivity of the
medium 8 1s generally determined from the electrical resis-
tance value R, of the medium 8 and the geometry of the
medium 8 between the transmitting coil 3 and the receiving
coil 4.

The transmitting coil 3 and the receiving coil 4 are
inductively coupled by the electrically conductive medium
8—as already mentioned. The inductive coupling takes
place 1n that the transmit alternating signal U, fed into the
transmission coil 3 generates eddy currents 1n the medium 8,
and the eddy currents in the receiving coil 4 induce the
receive alternating signal U,.. Thus, the preset alternating
signal U, causes the receive alternating signal U, via the
transmit alternating signal U..

The control unit 7 1s designed to vary the angular fre-
quency o of the preset alternating signal U, in a frequency
interval, to determine, 1n the frequency interval, a frequency-
dependent minimum mput impedance at the input 5 of the
transmitting coil 3 using the response alternating signal U, ,
across the measuring resistor 11, to determine a minimum
frequency of the response alternating signal U,, at the
minimum input impedance at the mput 3 of the transmitting
coil 3 and to determine a conductivity of the medium 8 using
the minimum Irequency of the response alternating signal
U, .. In this case, the alternating signal source 9 generates the
preset alternating signal U, the first amplifier 10 amplifies
the preset alternating signal U, by a factor of 1 and the preset
alternating signal U . causes the response alternating signal
U, ,across the measuring resistor 11 1n the form of a voltage,
on the one hand, and on the other hand, the transmit
alternating signal U, in the form of a voltage.

In this embodiment of the inductive conductivity measur-
ing device 1, the transmitting coil 3, the receiving coil 4, the
medium 8 and the capacitor 12 form a resonant circuit with
a resonant frequency. The resonant circuit 1s a function
which, taken 1n 1solation, has no spatial configuration. In this
case, both the transmitting coil 3 and the receiving coil 4
have, 1n addition to inductive components, parasitic capaci-
tive components that affect the resonant circuit. Since the
resonant frequency corresponds to the minimum frequency,
the minimum 1nput 1mpedance at the mput of the transmit-
ting coil 3 1s given at resonance of the resonant circuit, 1.€.,
at resonant frequency, wherein the mimmimum input 1mped-
ance 1s accompanied by a maximum amplitude of the
response alternating signal U,, The amplitude of the
response alternating signal U, . over the frequency interval 1s
determined, for example, with an analog lock-in amplifier
and then the maximum amplitude i1n the course of the
amplitude over the frequency interval.

Since the inductive conductivity measuring device 1 1s in
operation, the control unit 7 carries out the method shown 1n
the flow chart 1n FIG. 3 with the following process steps.

In a first method step 17, the electrical preset alternating
signal U, 1s generated by the alternating signal source 9 and
fed to the input 5 of the transmitting coil 3 and the angular
frequency m of the preset alternating signal U~ 1s varied 1n
a Irequency interval.

In a second method step 18, a frequency-dependent mini-
mum mput impedance at the mput 5 of the transmitting coil
3 1s determined 1n the frequency interval using the response
alternating signal U, ..
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In a third method step 19, a mimmimum frequency of the
response alternating signal U, 1s determined at the mini-
mum input impedance at the mput 5 of the transmitting coil
3.

In a fourth method step 20, a conductivity of the medium
8 1s determined using the mimimum frequency of the
response alternating signal U, .

What 1s claimed 1s:

1. A method for operating an inductive conductivity
measuring device that has a transmitting coil with an input
and a recerving coil inductively coupled to the transmitting
coil by an electrically conductive medium, comprising the
steps of:

generating an electrical preset alternating signal and feed-

ing the signal to the mput of the transmitting coil,

varying a frequency of the preset alternating signal 1n a

frequency 1interval,
in the frequency nterval, determining a frequency-depen-
dent minimum nput impedance at the mput of the
transmitting coil using a response alternating signal,

determining a minimum frequency of the response alter-
nating signal at the minimum input impedance of the
input of the transmitting coil, and

determining a conductivity of the medium using the

minimum frequency of the response alternating signal.

2. The method according to claim 1, wherein the trans-
mitting coil, the recerving coil and the medium form an
clectrical resonant circuit having a resonant frequency,
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wherein, 1n determining the minimum input impedance and 3¢

the minimum {frequency, the resonant frequency of the
resonant circuit 1s determined.

8

3. The method according to claim 1, wherein the conduc-
tivity measuring device has a measuring resistor at the input
of the transmitting coil, wherein a measuring voltage 1s
measured across the measuring resistor as the response
alternating signal.

4. An inductive conductivity measuring device, compris-
ng:

a transmitting coil having an input,

a recerving coil and

a control unit,

wherein the control unit 1s adapted to generate an elec-

trical preset alternating signal and to supply the preset
alternating signal to the input of the transmitting coil,
and

wherein, during operation, the transmitting coil and the

receiving coil are inductively coupled to one another by
an electrically conductive medium,

wherein the control unit, during operation, 1s adapted to

vary a frequency of the preset alternating signal in a
frequency interval, to determine, 1n the frequency inter-
val, a frequency-dependent minimum input impedance
at the mput of the transmitting coil using a response
alternating signal (U, /), to determine a minimum {re-
quency of the response alternating signal at the mini-
mum input impedance at the mput of the transmitting
coil, and to determine a conductivity of the medium
using the mimimum frequency of the response alternat-
ing signal.

5. The inductive measuring device according to claim 4,
wherein the receiving coil has an mput and the mput 1s
terminated with a terminating resistor.
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